Abstract
Introduction
The global campaign against the HIV/AIDS epidemic has had such significant achievements that UNAIDS is now embarking on a Fast-Track strategy to end the AIDS epidemic by 2030 [1] . However, one of the challenges to achieving this goal is mobilization of the essential resources this strategy needs. This challenge will be quite similar to those faced by the scale-ups of antiretroviral therapy (ART) program in the last decade.
ART scale-up needed a multitude of experienced and trained health professional [2] . The human resource capacity in sub-Saharan Africa was so low that some had suggested that ART programs scale-up would fail on that account [3, 4] . A good example of a successful scale-up effort is Botswana. The health system of this country had to cope with the tremendous burden of the HIV epidemic, despite low health worker to population ratios and insufficient infrastructure [5, 6] .
Identified as the country with the second-highest HIV prevalence in the world after Swaziland [7] , Botswana embarked upon a large scale antiretroviral treatment (ART) program in 2002. By the end of 2014, the number of people enrolled across the country in the National ART Program, called Masa, Setswana word for "a new dawn," had reached 247,856, a 71-fold increase from 3,500 in 2002 [8] . This massive influx of patients, who needed a wide variety of services, put considerable pressure on the health system of this country [9] , because the health professionals had not only to provide care for the HIV-related conditions, but also to deal with the significant burden of non-communicable diseases both among HIV and general population in Botswana [10] .
At the outset of the Masa program, Botswana, like other sub-Saharan countries, faced a human resource crisis [11, 12] . The country had low physician to patient ratios. However it should be noted that Botswana, in comparison to other countries in the region, enjoys a significantly higher ratio of health professionals to population. For example, according to the Global Health Observatory of the World Health Organization, between 2005 and 2012 on average there were 3.4 doctors per 10,000 Batswana people. This is well below the world average, 13.9, but much above countries like Zimbabwe and Tanzania, with 0.6 and 0.1 doctors per 10,000 population, respectively. A similar pattern is seen with regards to nurses in the same time period. In Botswana, there were 28.4 nurses per 10,000 population, while in Zimbabwe and Tanzania, there were only 12.5 and 2.4 nurses per 10,000 population, respectively [13] .
Botswana's healthcare delivery system, based on a doctor-care model, had to deal with not only inadequate number of health professionals but with their maldistribution and high turnover [14] . The challenge was not only the scarcity of all cadres of trained health-care workers, because of government economic and fiscal constraints, but also the scarcity of training mechanisms to meet the demands of the HIV/AIDS epidemic. To address the shortage of doctors, while increasing accessibility to ART, in 2006 the Ministry of Health in collaboration with its national and international partners started training nurses in dispensing and prescribing antiretroviral (ARV) drugs to stable patients [5] . As part of the training, the nurses learn to correctly prescribe ARVs, to identify and appropriately manage adverse reactions related to ARVs, to address adherence issues, and to understand when referral is needed (e.g., virological failure, severe toxicity). By 2010, more than 200 nurses were trained to prescribe and 800 nurses were trained to dispense ARVs. However, because of many logistical and financial challenges, only a limited number of dispensing and prescribing nurses were trained afterwards.
Our previous analysis of the Botswana national ART program showed significant reduction in mortality among HIV-infected individuals receiving ART, to levels much the same as those reported by other low-income or middle-income countries [8] . The program also reduced mortality in the first year of treatment initiation; the high initial mortality after treatment initiation shows the importance of the change in the national guidelines, which requires earlier treatment, from CD4 cell counts below 200 cells/μL in 2002, to below 250 cells/μL in 2008, and to below 350 cells/μL in 2013. That analysis also found that loss to follow-up, or lack of electronic documentation, to be an important issue to be addressed, because some researchers suggest that retention of patients might be a good overall indicator of program effectiveness [15] .
Currently, the Ministry of Health of Botswana, in line with the UNAIDS Fast-Track strategy is evaluating different prevention and treatment models. One of these models under review is "test and treat," which offers hope for improving the care of HIV-infected people and preventing transmission of the disease. This treatment model, i.e., ART initiation regardless of CD4 cell count and clinical status, can have significant effect on HIV epidemic trajectory. However, its implementation will pose new challenges to the healthcare delivery system as more and more patients will need ART.
To inform this policy and to help develop a strategic plan, there is an urgent need to assess the performance of the Masa Program. At this part of our assessment, we focused on one aspect of health (mortality reduction) and its correlation with certain resources in the healthcare delivery system. Specifically, this study aimed to measure the extent to which health system resources, i.e., the human resources for health and infrastructure have contributed to reductions in mortality among HIV-infected individuals in the Masa Program. It was designed to exploit the strengths of a relatively rich dataset collected by Masa Program across the districts over 12 successive years.
Methods

Data sources
Two main categories of data were used in the analysis: patients' clinical records and districtlevel health system resources data, e.g., human resources and number of hospital beds. The clinical data are from the routinely gathered information in 155 facilities across 24 districts involved in the program and include de-identified data on demographics, ART initiation date, CD4 cell counts, drug regimens, and mortality, from January 2002 through October 2013. Details of the database have previously been described [8] .
In this analysis we analyzed the data for 97,634 HIV-infected adult (18 years and above) who received ART in the National Program. We had to remove 85,538 individuals whose ARV regimen was unknown and 28,057 with no CD4 cell count and 3,468 individuals who discontinue their HIV treatment after the first visit.
The database for health system resources were compiled from several sources. trained over 7,000 healthcare workers, including doctors, nurses, midwives and pharmacists. The World Health Organization (WHO) dataset on human resources for health was used to cross-check the total number of physicians, nurses and hospital beds estimated for each year [16] . Population data were taken from the Botswana Census in 2001 and 2011 and census projections. The census projections were cross-checked with the data from the Botswana AIDS Impact Survey, a nationally representative survey conducted in 2004, 2008 and 2013. Health system resource density was defined as the number of doctors, nurses and hospital beds per 10,000 population in each health district in each year. The data from the above sources were merged into a single dataset and organized into a longitudinal (person-quarter) format. We assumed that doctors, nurses, hospital densities remained constant in each year.
Data analysis
The outcome of interest is binary response (dead or not) or (LTFU or not). We used marginal structural modeling (MSM) to determine the effects of health system resources on mortality during ART while accounting for the individual-level variables [17] . We used MSM because use of standard regression models for the analysis of cohort studies with time-dependent covariates may results in biased estimates [18] . To estimate the model, we first estimated the inverse probability weights (IPWs) of being treated; and then used these weights in the final regression model. IPWs were estimated by combining the inverse-probability-of-treatment weights (IPTW) and inverse-probability-of-censoring weights (IPCW), which accounted for informative censoring from receiving treatment. Using observed variables, this approach allowed us to derive a weight for each individual in each quarter, i.e., the inverse probability of remaining in the study in that interval [19] . In other words, this weight is intended to account for the censoring due to LTFU for each individual in each quarter. The stabilized version of IPTW and IPCW were estimated as a ratio of two predicted probabilities from two logistic regression models. The model for the numerator of this ratio includes only the baseline covariates, while the denominator includes baseline and time-varying covariates [20] . To estimate the model, we used pooled logistic regression with an interval-specific intercept, modeled by restricted cubic splines with knots at the 10th, 50th, and 90th percentiles [20] .
The explanatory variables at individual level included age (= 1 if 40 years or older) and gender, CD4 (= 1 if CD4 cell count is more than 100), ARV regimen, and year of treatment initiation; and at district level included hospital bed, doctor and nurse density. Because socioeconomic factors, such as poverty or level of education in each district could be potentially correlated with mortality or LTFU in that district, and the yearly data for each district during the study period were not available, we included an indicator variable for each district as fixed effects in the model to capture district heterogeneity. To correct for auto-correlation in the panel setting as well as patients clustered at the district level, we used the method developed by Cameron, Gelbach and Miller to account for clustering at multiple dimensions at the same time [21] .
After treatment initiation in the Masa Program, each patient was expected to have a clinic visit every six month. However, there were lab tests and prescription refills between visits. Because of that, the dataset was organized by quarters. If there were more than one CD4 cell count in a quarter, the mean value was used. District-level variables included hospital bed, doctor and nurse density. We tested different specifications for years of treatment initiation such as continuous (both linear and quadratic), and indicator variables for each year and binary variable (before vs after 2008). The year 2008 was selected as the new guidelines came into effect. According to the new guidelines CD4 eligibility for ART initiation became 250, up from 200 CD4 cells/mm 3 and zidovudine was replaced by tenofovir in the first line of treatment. We found the binary the best fit for the model. We also found that quadratic functions of densities were the best options for the model. We used the Hosmer-Lemeshow goodness-of-fit test, as well as Akaike information criterion (AIC) and Bayesian information criterion (BIC) for our model selection. We used Gaborone, the capital with the main referral hospital, as the reference district. The assumption was made that human resources and hospital bed density was proportionate to the availability and distribution of other resources and thus, could serve as a proxy for overall availability of health services.
The results are presented graphically as predicted probabilities of mortality or LTFU, adjusted by all the independent variables in the model [22] . All analyses were done with STATA/MP 14.1 software [23] .
The study was approved by Harvard School of Public Health IRB and Botswana's Health Research and Development Committee (HRDC). Individual consent was not required by either IRB as the analysis was performed on de-identified data sets. There is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Results
Descriptive statistics
Patient-level. We analyzed the association between health system inputs and health outcome of 97,627 HIV-infected adult patients across 24 health districts in Botswana from January 2002 through October 2013. . In this analysis, 3,270 (5.4%) women and 3,278 (9.0%) men died. The median baseline CD4 cell count for men was 120 cells/ mm3 (IQR 60-179), and that of women was 150 cells/ mm3 . The overall rate of LTFU was 12.47 per 100 P-Y (95% CI 12.38-12.55). There was a great range of overall LTFU across districts, including rates as low as 4.6 losses per 100 P-Y in Kgalagadi North, and 5.9 losses per 100 P-Y in Kgalagadi South, to rates as high as 25.4 losses per 100 P-Y in Kweneng East and 46.3 losses per 100 P-Y in Ngamiland. Details of mortality and LTFU variation in the Masa Program have previously been described [24] . Overall median follow-up time was 40 months (IQR 15-79). The median duration of follow-up for patients who were LTFU was 27 months (IQR 12-49), compared with a median of 64 months (IQR 21-99) for those who were not lost. Zidovudine and tenofovir were the main nucleoside reverse transcriptase inhibitor (NRTI) medications used as the first line of treatment, with 64% of people starting with zidovudine compared to 29% on tenofovir with the remainder of patients, 7%, on stavudine. The population on non-nucleoside reverse transcriptase inhibitors (NNRTIs) was split between efavirenz and nevirapine, 54.3% and 39.4% respectively, with the remainder of patients, 6.3%, starting on the protease inhibitor, ritonavirboosted lopinavir.
District-level
Average doctor density across districts was widely distributed (Fig 1) . Median doctor density in 2013 was 2.7, up from 1.5 in 2006 (Table 2) . Lobatse, with the only mental institution in Botswana and Jwaneng with the richest diamond mine in the world are considered outliers. Twenty districts had fewer than four doctors per 10,000 population on average over the study period, with the remaining four having doctor densities ranging between 7.2 and 13.6 doctors. Across years, doctor density in many districts showed modest increases, with a few notable exceptions. Gaborone experienced a decrease in doctor density over time, from 10.5 in 2006 to 8.1 in 2013. Conversely, Lobatse, Kgatleng, Mabutsane, and Kgalagadi North have seen significant increase in doctor density over these years.
Nurse density had a similar pattern to doctor density (Fig 1) . Median nurse density in 2013 across districts was 32. lowest average bed density was in Tutume with 10 beds per 10,000 population, while the highest was Lobatse with 104.9 beds per 10,000 population. In 2013 Francistown had the second highest hospital bed density with 66.8 beds per 10,000 population, while Gaborone only has 31.7 beds per 10,000 population. Both Gantsi and Kgalagadi North, which are rural districts, had higher hospital bed density than Gaborone. In 2013 hospital bed density in eight districts was less than 20 beds per 10,000 population. Over time bed density in Selibe-Phikwe was noticeably decreased, while it was substantially increased in Lobatse, Mahalapye and Serowe/ Palapye. Other districts experienced modest changes in bed density over this time period.
The indicator variables for the health districts, which were intended to capture unmeasured district-level heterogeneity such as poverty and level of education of the population, were highly significant. Variation in mortality and LTFU among HIV-infected Batswana at districtlevel have been discussed somewhere else [24] .
Regression analysis
The results of the multilevel logistic regression are provided in Table 3 . Holding individual patient's characteristics constant, doctor, nurse and hospital bed density had a significant effect on the mortality of patients across districts. Fig 2a, 2b and 2c as well as Fig 3, 3b and 3c illustrate the adjusted predicted probability of mortality or LTFU, which were nonlinearly correlated with doctor, nurse and hospital bed density. These figures show that as doctors, nurses and hospital bed density increases, the probability of death (or LTFU) at individual level decreases. Increasing doctor or nurse density was much more impactful on the probability of mortality at lower densities; but the effect diminishes as doctor or nurse density approaches higher levels. For instance, when doctor density changes from one doctor per 10,000 population to two doctors, the predicted probability of death for each person drops by 27%, from 0.11 (95% CI 0.10-0.13) to 0.08 (95% CI 0.07-0.9), holding all other covariates at mean value (Fig 2a) . However, when doctor density changes from four doctors per 10,000 population to five doctors, the predicted probability of death for each individual patient decreases 25%, from 0.04 (95% CI 0.038-0.044) to 0.03 (95% CI 0.026-0.033), holding all other covariates at mean value. We assessed various interactions between district-level and individual-level variables; none of them was statistically significant. A similar pattern was seen when we predicted the probability of death at different levels of nurse density. For example, when nurse density increased from 20 nurses per 10,000 population to 25 nurses, the predicted probability of death for each patient dropped 28%, from 0.09 (95% CI 0.08-0.10) to 0.065 (95% CI 0.06-0.07), holding all other covariates at mean value (Fig  2b) . However, when nurse density changed from 35 nurses per 10,000 population to 40, the predicted probability of death for each patient decreased 25%, from 0.04 (95% CI 0.033-0.041) to 0.03 (95% CI 0.025-0.031), holding all other covariates at mean value. Adjusted predictions of mortality were inversely related to hospital bed density. A nine percent decrease was noted in predicted mortality of an individual in the Masa program for every five hospital bed density per 10,000 population increase. The same procedures followed for mortality (Fig 2a, 2b and 2c ) were followed to plot the predicted probabilities for LTFU (Fig 3a, 3b and 3c) . The pattern of predicted probability of LTFU, however, was somewhat different . Fig 3a represents linear changes of predicted probability of LTFU over different values of doctor density. Accordingly, by increasing one doctor per 10,000 population, probability of a patient in the Masa program becoming LTFU decreases by eight percent, holding all the other covariates at their mean value. The effect of nurse density on predicted probability of LTFU follows an inverse sigmoid curve (Fig 3b) , with the steepest part of the slope between 30 and 35 nurses per 10,000 population (spanning national median [32.3] in 2013), with 26% decreases in probability of LTFU, from 0.70 (95% CI 0.68-0.71) to 0.52 (95% CI 0.51-0.54). As for the hospital bed density, every five additional beds per 10,000 population reduced the probability of LTFU for an individual patient by almost 14 percent. 
Discussion
This study is the first multi-level longitudinal analysis of the effect of health system inputs at district-levels on probability of death at individual-level among HIV-infected individuals receiving ART. Predictive margins of mortality and LTFU were inversely correlated with doctor, nurse and hospital bed density. The number of the patients in the Masa program increased more than 70-fold from 2002 to 2013, yet the health system resources did not keep up at the same pace. Resources (health-workforce and hospital beds) increased across the districts between 2002 and 2013, nonetheless much less than the system's need [25] . The results of this study indicate that doctor density had much greater impact than nurse or bed density in Botswana. This is consistent with the doctor-centered approach to care and the limited task-shifting to nurses described. This means that the availability of certain types of healthcare worker is important, in addition to the overall density of healthcare workers, in determining district-level mortality or LTFU. Healthcare delivery may also need some revision. There is strong evidence indicating the feasibility and effectiveness of task-shifting strategy in sub-Saharan countries [26] . Botswana has already moved toward task-shifting by training nurse prescribers and nurse dispensers and designed simplified ART guidelines to delegate a number of tasks from medical doctors to nurses. Expansion of task-shifting can be part of the solution [27] .
Botswana, like other sub-Saharan African countries, has the lowest doctor and nurse to population density in the world [28] . Inadequate capacity to train and retain professional health workers in the Botswana public sector make the picture all the more complicated. Most of the nurses (84%) in the country are Botswana citizens who have been trained in national institutions. However, only 21% of the doctors registered with Botswana Health Professions Council by October 2012 were Batswana, and all were trained outside of the country [14] . The Government has to attract both expatriate doctors and Botswana doctors being trained in 21 countries in Europe, North America, South America, Australia, Africa and South East Asia [14] . Doctors trained in various countries may find it difficult to adjust to a single model of care, with limited level of resources, which in turn could affect the quality of care, and the care continuum. However, lack of longitudinal data on doctors training background prevented us from further analysis. The critical shortage of health personnel was further complicated by inequality in geographic distribution.
We found significant variation across health districts with regards to the distribution of health system resources. While the ultimate goal of the health system should be equitable distribution of resources, our findings indicate that allocating more resources to the worst-off districts will be most efficient. The modest increase in health system resources over the last decade could have been much more effective if the district with lower density had received a bigger share, Training more doctors and nurses should be a long-term solution. Meanwhile, redistribution of available doctors and nurses can be a feasible solution in the short term.
Comparatively, the weakest association was between infrastructure (reflected by hospital bed density in this analysis) and patient-level mortality or LTFU. However, this finding should not diminish the importance of infrastructure in healthcare delivery. Considering the fact that median hospital bed density rose from 20.5 beds in 2006 to 20.9 in 2013, more investment in infrastructure may be needed. Nonetheless, a recent study in Botswana shows that because of maldistribution, some districts have significant overcapacity while some others under considerable need for hospital beds [6] . 
Limitations
There are limitations to this study that should be acknowledged. The main limitation is that the patient's cause of death is unknown. Therefore, it is all-cause mortality analysis. Some of the patients may have died of non-AIDS related causes. Another limitation is the potential for missing death data due to inconsistent reporting. In this analysis we could obviously use only those deaths recorded in the electronic database of the National Program. However, deaths might not be reported to HIV clinic staff and non-institutional deaths might not be reported to the health-care system as is legally required. Therefore, LTFU might include patients who died without a death report captured in the database. Two systematic reviews showed that, at 2 years, African ART programs retain only about 60% of their patients, largely because of high LTFU rates [29, 30] . Using a method to trace patients, a study of 524 patients in Botswana in early 2003 showed that more than half of the 68 patients originally deemed to be lost to followup were confirmed to be dead after tracing. Therefore, many of the patients who are LTFU in our study have probably died [31] .
Some of the LTFU as well as missing data for ART regimen and CD4 cell count can be explained by the poor quality of data reporting concerning all the patients at certain facilities for a period of time, rather than a selective process affecting a particular group of patients, or some of the facilities in certain districts. There was a significant variation in data quality across the districts and facilities in Botswana. Some facilities reported only demographic data and failed to report the laboratory results or prescription drug regimens of clients. Even the reporting, or lack thereof, was not consistent, and fluctuated over time. Facility's failure to enter the data was mainly due to understaffing, inadequate training, and lack of infrastructure in general. Improving the data collection process should be a priority in the Masa Program. We tried to account for this through our analysis of patients lost to follow-up, specifically in the regression model, by using marginal structural modelling to correct for bias that it may have introduced. There was also a meaningful direct correlation between documentation and other resources, e.g., doctors, nurses and hospital beds in the facilities. Therefore, by including those variables as proxy for health system resources along with the indicator variable for the districts as fixed, we have not introduced selection bias to this analysis, or have limited the generalizability of these findings.
A further limitation was the absence of training data for nurses. As number of nurses trained to prescribe or dispense ARV has been increasing over these years, including density of prescribing and dispensing nurses rather than a general category for nurses, could show stronger effect for these subgroups of nurses. As for the health workforce and hospital bed data we had to estimate the data for several years because of limited rounds of health facility census data. However, combining several databases provided us with the best estimate of the reality in those years. Strengths of this study include our large sample size and repeated measures over 12 years of the Masa Program.
In conclusion, Botswana has successfully scaled up its ART program, providing care to hundreds of thousands of its HIV infected citizens [32] . We found significant relationships between doctor, nurse and bed density and individual mortality or LTFU in Botswana National ART Program in a model that incorporated individual-and district-level variables as well as district fixed effects for unmeasured factors. The findings of our longitudinal subnational study support the results of both sub-national and cross-national studies exploring the health-system inputs and their relation to health outcome, emphasizing the importance of healthcare professionals in the fight against HIV [33, 34] . Marked differences in distribution of resources in Botswana districts were translated to significant differences in likelihood of mortality and LTFU. While Botswana should make long-term investment in training more healthcare professionals and in building more healthcare facilities, redistribution of available doctors and nurses can be a desirable solution in the short term, however, the feasibility of this redistribution requires further investigation. Overall, as ARV programs have been scaled up and many HIV-infected individuals receive lifetime care, more efforts should be put into addressing inequities and inefficiencies.
